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Camera modules are inserted into electronic devices such as smartphones that are widely used in everyday life. In general, it is possible to capture images by controlling several glass or plastic optical lenses and the complex actuator system inside these camera modules. However, it is necessary to focus constantly on the object of interest when attempting to acquire images of an object that is moving in the axial direction at high speed^[@CR1]^. Therefore, it is essential to improve the response speed of the optical system for this task because the lenses must be moved continuously and at high speeds in the axial direction using the actuator and gearing system^[@CR2]^. In addition, portable electronic devices equipped with such camera modules may be upsized and become sensitive to shock because they contain an operating mechanism that includes elements such as lenses, actuators, and a gearing system^[@CR3]^. Therefore, the design of camera modules for next-generation electronic devices must meet demands for both high response speeds and device size miniaturization. To solve these problems, our research group has developed liquid lenses and gel lenses that contain no mechanical moving parts based on use of the acoustic radiation force^[@CR4]--[@CR8]^. At present, we are working on optical lenses that combine liquid crystals with ultrasound techniques.

Liquid crystals are in a material state that lies between the crystalline solid and liquid states in terms of symmetry, energy, and properties. Liquid crystal molecules have various shapes, but most of them are rod-shaped and are categorized as either thermotropic or lyotropic. In addition, thermotropic liquid crystals have several subphases, including the nematic, smectic and cholesteric phases, and liquid crystal phase transitions occur depending on temperature differences, as the name thermotropic suggests. Among these subphases, nematic liquid crystals have particularly high liquidity and it is easy to control their molecular orientations using external forces such as electric and magnetic fields. This feature has allowed these materials to be widely used in optical devices such as liquid crystal displays^[@CR9]--[@CR11]^. As an optical liquid crystal device application, Sato and colleagues developed a variable focus liquid crystal lens using the birefringence of a nematic liquid crystal^[@CR12]--[@CR16]^. Although these liquid crystal lenses require complex indium tin oxide (ITO) electrode patterns to control the molecular orientations of their liquid crystals^[@CR17]^, the lenses have a structure that does not require any mechanical moving parts, thus enabling device downsizing and providing high robustness for use in camera modules in electronic devices. However, it is essential to fabricate liquid crystal optical devices using transparent electrodes to apply electric fields to the liquid crystal layer. While ITO with its high electrical conductivity and transparency is in widespread general use as a transparent electrode material, ITO contains indium, which is a rare metal, and there are numerous additional problems with the use of this material, such as the large amounts of equipment and time required for the sputter deposition process^[@CR18]^, the material's low bending resistance and the trade-off relationship between resistivity and transparency that exists on the long wavelength side^[@CR19],[@CR20]^. Recently, flexible liquid crystal optical devices have been investigated by several researchers^[@CR21]--[@CR23]^. However, inorganic materials such as ITO have limitations when forming electrodes on plastic resin films, which include the requirement for low temperature conditions and the need for the material to have bending properties similar to that of paper. For these reasons, development of liquid crystal devices without use of ITO electrodes is highly desirable. Several research groups have reported the effects of ultrasound wave propagation on nematic liquid crystals^[@CR24]--[@CR26]^. As a result, our research group developed a method to control the molecular orientation of these liquid crystals by applying optical device technology and devices based on use of the acoustic radiation force which have been cultivated to date^[@CR27],[@CR28]^. We therefore believe that this method for control of liquid crystal molecules using ultrasound is promising as a candidate solution to the problems with the use of ITO electrodes. In a previous work, we fabricated a liquid crystal lens using this technique without using ITO electrodes and a variable-focus function was produced in this ultrasound liquid crystal lens by simply varying the sound pressure acting on the liquid crystal layer^[@CR29]^.

Evaluation of the liquid crystal orientation is important in the design of liquid crystal devices. The molecular orientation of a liquid crystal in its initial state under zero external force is largely dependent on the boundary conditions at the interface between the alignment film and the liquid crystal, which is inclined at a specific angle (the tilt bias angle). Changes in the molecular orientations of liquid crystals under a static electric field can be calculated and predicted from the distribution of the electric potential. Sheffer *et al*. proposed the "crystal rotation method" to measure the tilt bias angle with high accuracy in a short time^[@CR30]^. The birefringence distribution of a liquid crystal layer in its thickness direction can be observed by birefringence scanning near-field optical microscopy, which enables measurement of both the molecular orientation at the interface^[@CR31]^ and the response to application of an external electric potential with measurement resolution on the scale of hundreds of nanometers^[@CR32],[@CR33]^. However, to the best of our knowledge, the relationship between the three-dimensional molecular orientation of a liquid crystal and ultrasound vibration has not been investigated to date. In our previous work, it was considered that the variable focus function was produced by refractive index changes in the liquid crystal due to the ultrasound vibration. However, the relationship between the molecular orientation of the liquid crystal and the change in the optical focus has not been clarified. Furthermore, while the liquid crystal orientation in liquid crystal optical devices has been investigated previously^[@CR24]--[@CR26],[@CR29]^, the inclination of the molecular orientation of the liquid crystal in the thickness direction was not considered in these studies. In this work, we have evaluated both the two-dimensional orientation direction of the liquid crystal molecules and the three-dimensional orientation of these molecules, and the relationship between orientation direction and ultrasound vibration in a liquid crystal lens under ultrasound excitation has been clarified.

Materials and Methods {#Sec2}
=====================

The orientations of the liquid crystal molecules were evaluated using the ultrasound variable focus liquid crystal lens that is shown in Fig. [1](#Fig1){ref-type="fig"}. The nematic liquid crystal RDP85475 (DIC, Japan; refractive index *n*~0~ at 589 nm: 1.525; birefringence *Δn* at 589 nm: 0.298; transition temperature of smectic-to- nematic (SN) transition point: −10 °C; nematic-to-isotropic (NI) transition point: 123.7 °C; viscosity: 93.7 mPas) was used as the liquid crystal material. An annular piezoelectric lead zirconate titanate (PZT) ultrasound transducer (C-213, Fuji Ceramics, Japan; inner diameter: 20 mm; outer diameter: 30 mm; thickness: 1 mm that was polarized in the thickness direction was bonded to a transparent circular glass substrate (labelled plate (a); diameter: 30 mm; thickness: 0.7 mm) using epoxy. A second circular glass substrate (labelled (b); diameter: 15 mm; thickness: 0.7 mm) was bonded at the center of glass substrate (a) through a 50-*µ*m-thick silicone film to allow formation of a liquid crystal layer between the two glass substrates. The nematic liquid crystal was then injected into the gap between the two glass discs via the capillary effect and the liquid crystal layer was sealed perfectly using the epoxy. Polyimide films (vertical alignment type, SE-5811, Nissan Chemical, Japan) were formed on the inner surface of the glass substrates without rubbing, which meant that the liquid crystal molecules were oriented vertically with respect to the glass substrates because of the chemical interactions between the liquid crystal molecules and the polyimide films. The configurations of the transducer and the glass substrates were determined via finite element analysis (FEA) using the commercial FEA software ANSYS 11.0 (ANSYS. Inc., PA) to determine the resonance flexural vibration modes on the glass substrates. Excitation of the transducer using a continuous sinusoidal electric signal allowed several flexural vibration modes to be generated on the liquid crystal layer through the two glass substrates at the resonance frequencies of the entire liquid crystal lens above 20 kHz. The entire lens vibrated as a continuum body since the wavelength of the ultrasound was much larger than the thickness of the liquid crystal layer. Because of the differences in acoustic impedance among the surrounding air, the liquid crystal layer, and the glass substrate, the acoustic waves generated by inverse piezoelectric effect on the PZT ring were partially reflected at these boundaries and differences in acoustic energy density appeared between these media. As a result of this energy difference, static pressure, i.e., the acoustic radiation force^[@CR7],[@CR34]--[@CR36]^, acted on the liquid crystal layer from the upper and bottom sides and caused the orientation of the liquid crystal molecules to change statically. Since liquid crystal molecules have optically uniaxial anisotropy, the effective optical refractive index distribution changes along with the molecular orientation distribution, resulting in deflection of the transmitted light. The acoustic radiation force is proportional to the square of sound pressure amplitude. The axisymmetric resonance acoustic field generated in a thin circular layer (in this case, the liquid crystal layer) can be expressed as a Bessel function with concentric nodal circles and determined by the boundary condition of the sound pressure amplitude at the edge of disc^[@CR37]^, inducing the axisymmetric orientation of the liquid crystal molecules. Therefore, it is possible to control both the spatial distribution of the liquid crystal molecular orientation in the liquid crystal device and its optical anisotropy by varying the resonance vibration mode and the vibrational amplitude of the glass substrate. In our previous work^[@CR29]^, it was confirmed that the focal point changed along the optical axis of the lens with excitation by ultrasound vibration under the condition using one Nicol element and an optical microscope and the lens thus acted as a variable-focus lens (see Fig. [2](#Fig2){ref-type="fig"}). The focal length of this lens was dependent on the electric power consumption of the ultrasound transducer and could be controlled via the input voltage, where higher electrical consumption gave larger change in the focal length.Figure 1Configuration of the ultrasound liquid crystal lens.Figure 2(**a**) Observational setup and (**b**) the optical images captured using the ultrasound liquid crystal lens without and (**c**) with ultrasound (US) excitation. The bars in the images represent 100 *µ*m.

Figure [3](#Fig3){ref-type="fig"} shows a schematic of the experimental system. The liquid crystal lens was positioned in parallel between a polarizer and an analyzer that were arranged orthogonally to each other (i.e., crossed Nicols conditions). A linearly polarized laser beam (He-Ne laser; *λ* = 632.8 nm; beam diameter: 2 mm) was converted into a circularly polarized beam using a quarter-wave plate. The light transmitted through the polarizer, the liquid crystal lens, and the analyzer was measured using a photodetector (PD, 2051-FS, Newport, CA). To evaluate the molecular orientation of the liquid crystal, the transmitted light distribution through the lens was measured by scanning the laser beam and rotating two polarizing plates in the in-plane direction (i.e., the incident polarization direction *θ*) while maintaining the crossed Nicols condition.Figure 3Experimental setup used for optical evaluation of the liquid crystal lens.

Results and Discussion {#Sec3}
======================

Figure [4](#Fig4){ref-type="fig"} shows the measurement results for the out-of-plane vibrational distribution generated on the surface of glass plate (a) and measured using a laser Doppler vibrometer (LDV, NLV-2500, PI Polytec, Germany). The measurement area was the 5 × 5 mm^2^ area at the center of the liquid crystal lens. A concentric flexural vibration mode with two nodal circles was generated at a resonance frequency of 64.2 kHz and the center of the lens corresponded to the antinodal position with the maximum displacement of this vibration. The maximum vibrational displacement amplitude was 262 nm in the case where the input voltage was 3.5 V~pp~. Figure [5](#Fig5){ref-type="fig"} shows the transmitted light distribution through the liquid crystal lens without and with the ultrasound excitation at an input voltage of 3.5 V~pp~ when the polarization direction of the incident light *θ* was changed from 0° to 165°. The incident light was scanned within the same 5 × 5 mm^2^ measurement area at the center of the lens used to give the results in Fig. [4](#Fig4){ref-type="fig"}, and the transmitted light intensities were normalized with respect to the maximum value at *θ* = 30°. The result in the case without ultrasound excitation (denoted by US OFF) where the transmitted light intensity in the measurement area was extremely small indicates that the molecular orientation of the liquid crystal was aligned in the vertical direction under the initial conditions because the linearly polarized light did not pass through the analyzer under the crossed Nicols conditions. When the lens was subjected to ultrasound excitation (*θ*= 0° to 165°), the transmitted light intensity increased dramatically and four peaks appeared in the circumferential direction every 90° (i.e., a cross-shaped shadow appeared). Strictly speaking, the transmitted light distributions were not perfectly axisymmetric and the intensity at one of four peaks (upper left) was lower than that at the other peaks because of the precision of our lens fabrication process (the liquid crystal was injected into the small gap at atmospheric pressure, not under vacuum). This transmitted light pattern rotated with the incident polarization direction *θ* and the same transmitted light distribution was observed every 90° for *θ*, although the maximum signal intensity differed (for example, the results for *θ* = 60° and 150° were almost identical). At the positions at which the transmitted light intensity increased greatly, the linearly polarized light that was incident on the lens was polarized elliptically through the liquid crystal layer and could then pass through the analyzer. The results shown in Fig. [5](#Fig5){ref-type="fig"} indicate that the orientation of the liquid crystal molecules is not twisted in the thickness direction of the liquid crystal layer (if the molecular orientation is twisted in the thickness direction, two transmitted light distributions with a 90° difference are different^[@CR28]^). In addition, the difference in transmitted light intensity between two cases with a 90° difference in their incident polarization directions at the same position is dependent on the birefringence of the liquid crystal molecules used. It should also be noted that the light transmitted at the center of the lens (the cross point) was constantly small at every incident polarization direction and the cross-shaped shadow directions corresponded with the incident polarization directions *θ* and *θ* + 90° (see Fig. [6(a)](#Fig6){ref-type="fig"}). These results indicate that the molecular orientation of the liquid crystal was inclined toward the center of the lens axisymmetrically with the vibration antinode and the vertical orientation was maintained at the center because the incident linearly polarized light at the center was not polarized elliptically. This is because the acoustic radiation force can be expressed as a function of the spatial gradient of the sound pressure amplitude, and the force does not act at the antinodal position of the sound pressure (at the central part) theoretically where the spatial gradient is 0^[@CR38]^. From the results for the transmitted light distributions measured by changing the incident polarization direction *θ* as shown in Fig. [5](#Fig5){ref-type="fig"}, it is possible to estimate the in-plane distribution of the liquid crystal molecular orientation. Figure [6(b)](#Fig6){ref-type="fig"} shows the in-plane distribution of the liquid crystal molecular orientation within the lens. The out-of-plane vibrational distribution on the surface of glass plate (a) and the orientation direction of the liquid crystal molecules were expressed using a color scale and bars, respectively. The liquid crystal orientation distributions were determined to be *θ*~max~ + 45° by measuring the incident polarization direction *θ*~max~, which then gave the maximum transmitted light intensity at each measurement point shown in Fig. [5](#Fig5){ref-type="fig"}. This became possible because the linearly polarized incident light was polarized elliptically, and the maximum transmitted light intensity could then be obtained under crossed Nicols conditions. The lengths of the bars represent the relative inclinations of the liquid crystal molecules from the vertical direction of the liquid crystal layer; these values can be calculated from the ratio of the maximum to the minimum transmitted light intensity at each measurement point when the incident polarization direction is rotated, as shown in Fig. [5](#Fig5){ref-type="fig"}, because this ratio increases with the inclination of liquid crystal molecules from the vertical direction due to the birefringence. The inclination of the liquid crystal molecular orientation between the nodal and antinodal positions of the ultrasound flexural vibration was remarkable. This result implying that the change in the molecular orientation of the liquid crystal was induced by the acoustic radiation force acting on the liquid crystal layer because that is expressed as a function of the spatial gradient of the sound pressure amplitude. However, the distribution of the acoustic radiation force to the liquid crystal layer is dependent on the acoustic fields in the glass plate and the liquid crystal layer and these distributions could not be measured directly. The results indicate that the sound pressure distribution in the liquid crystal layer is correlated with the vibration distribution of the glass plate and the concentric resonance mode was generated at the around center of the lens, which resulted in a change in the molecular orientation. In addition, it should be noted that attenuation of the ultrasound in the liquid crystal layer induced the asymmetric molecular orientation in the thickness direction, enabling the variable-focus function (In fact, the ratio of the vibrational amplitude of glass plate (b) to that of glass plate (a) was 0.97). The molecular orientation in the steady state under ultrasound excitation is determined by the balance among the acoustic radiation force, the anchoring force of the alignment film, and the elastic restoring force of the liquid crystal molecules, and this molecular orientation distribution allows the liquid crystal lens to act as a concave lens (Fig. [6(c)](#Fig6){ref-type="fig"}). Although this technique can be applied to optical devices with planar aligned liquid crystal, the optical characteristics should be investigated since liquid crystal materials have elastic anisotropy and the speed of sound depends on the propagation direction of acoustic wave^[@CR39]^.Figure 4Out-of-plane vibrational displacement amplitude distribution of the liquid crystal lens at 64.2 kHz as measured using an LDV.Figure 5Transmitted light intensity distributions through the liquid crystal lens without and with the ultrasound excitation at 64.2 kHz.Figure 6(**a**) Relationship between the transmitted light distribution and the orientation direction of the liquid crystal molecules, and (**b**) vibrational displacement amplitude (color map) and the orientation direction (bar) distributions. (**c**) Schematics of the changes in the molecular orientation and the wavefront without and with ultrasound excitation.

Figure [7(a,b)](#Fig7){ref-type="fig"} show the transmitted light intensity distributions through the lens that were excited using several different input voltages and the relationship between the input voltage and the transmitted light intensity, respectively. In Fig. [7(b)](#Fig7){ref-type="fig"}, the transmitted light was measured at the position between the node and the antinode of the vibration in the glass plate, where the inclination of the liquid crystal molecular orientation was the greatest ((*x*, *y*) = (1.5 mm, 0 mm) in Fig. [6(b)](#Fig6){ref-type="fig"}). There was an input voltage threshold at approximately 2 V~pp~ (an electric power consumption of 2 mW) that induced a change in the transmitted light intensity, and a higher input voltage produced a higher transmitted light intensity stably. Although the maximum transmitted light intensity was saturated when the input voltage increased to more than 5 V~pp~, the light intensity was reduced rapidly within a few seconds after the temporal increase caused by ultrasound excitation. In the case where the input voltage exceeded 5 V~pp~, the liquid crystal layer became turbid and the "dynamic scattering mode" was generated, which also occurs in liquid crystal devices based on use of electric fields^[@CR40]--[@CR42]^ (the transmitted light distribution at 5 V~pp~ shown in Fig. [7(a)](#Fig7){ref-type="fig"} was measured instantaneously and varied with time). This unstable phenomenon is attributed to turbulence in the liquid crystal layer that is induced by the acoustic radiation force and the secondary torque of the liquid crystal molecules. The tunable range of the focal point largely depends on the birefringence of liquid crystal *Δn*, the lens aperture, and the liquid crystal layer thickness, and thicker liquid crystal layer gives larger tunable range. However, the anchoring force of the liquid crystal molecules to the alignment films decreases as the liquid crystal layer thickness increases, resulting in lower voltage threshold of "dynamic scattering mode". This fact implies that there is an optimal liquid crystal layer thickness for the tunable lens.Figure 7(**a**) Transmitted light intensity distributions through the lens when excited using several different input voltages, and (**b**) relationship between the input voltage to the lens and the transmitted light intensity through the lens at 64.2 kHz.

Conclusions {#Sec4}
===========

In this paper, a method to estimate the orientation direction of liquid crystal molecules under ultrasound excitation also the relationship between the ultrasound vibration and the molecular orientation of the liquid crystal were discussed. An ultrasound liquid crystal lens based on use of a piezoelectric ring was fabricated and its optical characteristics were investigated under crossed Nicols conditions. The orientation direction and the inclination in the thickness direction of the liquid crystal layer were determined based on the transmitted light intensity distributions when the incident polarization direction was varied. The molecular orientation was changed axisymmetrically by the acoustic radiation force; the liquid crystal molecules were gradually oriented toward the center of the lens between the node and the antinode of the ultrasound vibration and the vertical orientation of molecules was maintained consistently at the center position that corresponds to the vibrational antinode, thus enabling a variable-focus function.
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